Among small GTPases from the Rho family, Cdc42, Rac, and Rho are well known to mediate a large variety of cellular processes linked with cancer biology through their ability to cycle between an inactive (GDP-bound) and an active (GTP-bound) state. Guanine nucleotide exchange factors (GEFs) stimulate the exchange of GDP for GTP to generate the activated form, whereas the GTPase-activating proteins (GAPs) catalyze GTP hydrolysis, leading to the inactivated form. Modulation of Rho GTPase activity following altered expression of Rho-GEFs and/or Rho-GAPs has already been reported in various human tumors. However, nothing is known about the Rho GTPase activity or the expression of their regulators in human pheochromocytomas, a neuroendocrine tumor (NET) arising from chromaffin cells of the adrenal medulla. In this study, we demonstrate, through an ELISA-based activity assay, that Rac1 and Cdc42 activities decrease in human pheochromocytomas (PCCs) compared with the matched adjacent non-tumor tissue. Furthermore, through quantitative mass spectrometry (MS) approaches, we show that the expression of two Rho-GEF proteins, namely ARHGEF1 and FARP1, is significantly reduced in tumors compared with matched non-tumor tissue, whereas ARHGAP36 expression is increased. Moreover, siRNA-based knockdown of ARHGEF1 and FARP1 in PC12 cells leads to a significant inhibition of Rac1 and Cdc42 activities, respectively. Finally, a principal component analysis (PCA) of our dataset was able to discriminate PCC from non-tumor tissue and indicates a close correlation between Cdc42/Rac1 activity and FARP1/ARHGEF1 expression. Altogether, our findings reveal for the first time the importance of modulation of Rho GTPase activities and expression of their regulators in human PCCs.
Introduction
The monomeric Rho (Ras homologous) GTPase family, a subclass of the Ras GTPase superfamily, contains 20 highly conserved members including the well-investigated RhoA, Rac1, and Cdc42. Most of the Rho GTPases undergo a tightly regulated activation/inactivation cycle by switching from an inactive GDP-bound to an active GTP-bound conformation upon signaling cues. Their activation is under the control of guanine nucleotide exchange factors (GEFs) that stimulate the exchange of GDP for GTP, and their inactivation requires GTPaseactivating proteins (GAPs) that catalyze GTP hydrolysis by the Rho GTPases (Cherfils & Zeghouf 2013) .
Rho GTPases regulate many cellular processes related to cancer biology, including cell cycle regulation, cell polarity establishment, cell migration, apoptosis and angiogenesis (Ellenbroek & Collard 2007 , Vega & Ridley 2008 . Consequently, Rho GTPases have been largely implicated in many types of cancer, and numerous studies have shown that aberrant expression of Rho GTPases is associated with tumor growth, invasion, and metastasis. The evidence for the role of Rho GTPases in various stages of tumorigenesis has been compiled in comprehensive reviews (Ellenbroek & Collard 2007 , Grise et al. 2009 , Karlsson et al. 2009 , Parri & Chiarugi 2010 , Alan & Lundquist 2013 , Orgaz et al. 2014 ). However, the expression level of Rho GTPase genes or proteins does not necessarily reflect their activation state. Even so, the activation state of Rho GTPases in tumors has been very rarely investigated. Modulation of Rho-GTPase activity can occur through altered expression of Rho-GEFs or Rho-GAPs, a phenomenon that has also been observed in various tumors (Ellenbroek & Collard 2007 , Vigil et al. 2010 .
Expression of Rho GTPases and their regulators has been explored in many types of tumors with the exception of human NETs, a heterogeneous group arising from hormone/peptide-producing cells dispersed in the neuroendocrine system, including mainly the gastrointestinal and bronchopulmonary systems, and the adrenal, thyroid, and thymus glands (Taal & Visser 2004 , Yao et al. 2008 . Among NETs, PCCs arise from chromaffin cells of the adrenal medulla and are characterized by an excess of catecholamine release, leading mainly to hypertension, cardiomyopathy and severe stroke risk (Tsirlin et al. 2014) . During the last decade, PCCs have been widely studied and have emerged as a relevant model for investigation of NETs. So far, the potential importance of Rho GTPases has not been investigated in human PCC.
The aim of this study was to analyze the activity of RhoA, Rac1, and Cdc42 as well as the expression of their putative regulators (Rho-GEFs and -GAPs) in human resections of PCC. Using an ELISA-based activity assay, we found that Rac1 and Cdc42 activities decrease in tumors compared with the adjacent non-tumor adrenal tissue from the same patient, whereas RhoA activity remains unchanged. Moreover, through a quantitative screening proteomic approach we have measured the expression of several Rho-GEFs and -GAPs in human PCC, and found that the expression of two GEFs, ARHGEF1, and FARP1, is significantly reduced in tumors compared with matched non-tumor tissue. Finally, using PCC cell models, we demonstrate that knocking down ARHGEF1 and FARP1 by siRNA significantly reduces Rac1 and Cdc42 activities.
Materials and methods

Subjects and samples
The study involved an analysis of data from 41 patients who underwent surgery for benign PCC originating from adrenal medulla between 2000 and 2009. All included patients had no clinical suspicion for malignant PCC (metastasis, locoregional involvement) or familial disease (negative germ-line mutation when performed, no personal or family history of familial disease) at operation. Furthermore, postoperative follow-up has not shown any tumor recurrence, metastasis, or late syndromic features in all included patients. Surgery was performed by Pr Laurent Brunaud at Nancy-Brabois University Hospital (Vandoeuvre les Nancy, France). After resection, the adrenal gland was cut longitudinally into two parts, and a piece of the tumor zone was dissected. Regarding the non-tumor adjacent control tissue, a piece of adrenal medulla was carefully dissected outside the tumor zone under a binocular magnifier (×4) and removed from the gland. This biological collection is governed by French legislation and regulations (registration numbers to the Ministry of Research DC-2014 -2114 and AC-2014 -2112 , and CNIL data protection legislation 1209171). Informed consent was obtained from all participants, and the study was approved by the local ethic committees (October 10, 2008 by CPP Est-III).
Non-PCC tissues used in this study were drawn from patients who underwent surgery for various types of epithelial cancers (lung, colon, bladder, prostate, breast, and kidney) at two different institutions (McGill University Health Center and Centre Hospitalier de l'Université de Montréal; Montreal, Quebec, Canada). Informed consent was obtained from all patients as part of an institutionally approved protocol and after approval from the institutional review boards of the two participating institutions.
Once dissected, PCC and epithelial cancer tumors as well as their respective matching adjacent non-tumor tissues were placed in physiologic media immediately after excision in the operating room. Samples were then directly frozen and stored at -80°. Greene & Tischler 1976) . PC12 cells were cultured as described previously (Gasman et al. 2004) . Cells were seeded at 5 × 10 4 /cm 2 24 h before siRNA transfection. Lipofectamine RNAiMAX (Invitrogen) and 80 nM pool of four nontargeting siRNAs as a control or siRNA directed against FARP1 or ARHEF1 (ON-TARGETplus SMARTpool siRNA; Dharmacon) were used to transfect cells according to manufacturer's instructions. Cells were cultured for 48 h before experiments, and FARP1 or ARHGEF1 silencing was estimated by real-time quantitative PCR (RT-qPCR).
Rho GTPase activity assays
GTP-bound Rac1, Cdc42, and RhoA were measured using the respective G-LISA Activation Assay Kit (Cytoskeleton Denver, CO, USA). For human samples, the protocol was adapted to compare Rho GTPase activities between samples. Small pieces of frozen human tumor or matched adjacent non-tumor tissue were weighed and lysed for 15 min at 4°C into Cytoskeleton G-LISA lysis buffer using 40 µL lysis buffer for 1 mg tissue. Lysates were centrifuged at 20,000 g for 1 min at 4°C, and the supernatant aliquoted, snap-frozen into liquid nitrogen and stored at -80°C. Protein amounts were determined using the Precision Red reagent (Cytoskeleton), and immediately before the assay protein concentration of the samples was adjusted to 1 mg/mL and split into four aliquots to estimate the total amounts of Rho proteins (Rho tot ), the maximal activity expected (Rho max ), the Rho GTPase activity in the sample (Rho sample ), and the background (Rho bkg For Rho GTPase activity measurement in PC12 cells, 48 h after siRNA transfection, cells were washed twice in Locke's solution and lysed in Cytoskeleton G-LISA lysis buffer for 15 min at 4°C and lysates centrifuged at 10,000 g for 1 min at 4°C. Supernatants were aliquoted, snapfrozen in liquid nitrogen and stored at −80°C. Protein concentration was determined and adjusted to 1 mg/mL in lysis buffer before the assay was realized according to the manufacturer's instructions.
Tissue fractionation
Frozen tumor and matched adjacent non-tumor tissues were cut into small pieces (∼10 mm 3 ), and 3 mL homogenization buffer (0.25 M sucrose/10 mM Tris pH 7.4/100 units/mL DNase 1/5 mM MgCl 2 , complete protease inhibitor EDTA-free cocktail) was added per tissue sample and homogenized twice for 10 s and once for 20 s using a Polytron set at speed 4.0 (non-cancer) or thrice for 20 s using a Polytron set at speed 5.5 (other tissues) (PT10-35 Polytron; Kinematica, Lucerne, Switzerland). Homogenates were filtered through a 180 μm nylon and brought to 3 mL with the homogenization buffer, if necessary. Light membranes were obtained by isopycnic centrifugation using discontinuous sucrose gradients in which samples brought to 1.4 M sucrose were layered by 1.2 and 0.8 M sucrose. After centrifugation at 155,000 g for 2 h at 4°C, the light membrane fraction located at the 0.8-1.2 M sucrose interface was collected, snap-frozen in liquid nitrogen and stored at −80°C. The light membrane fraction is enriched with plasma membrane, Golgi apparatus, endosomes and secretory pathway-associated membranes. The cytosol fractions were obtained by centrifuging 200 µL crude homogenates at 150,000 g for 1 h at 4°C. The supernatant was collected, snap-frozen and stored at −80°C.
The amounts of protein were determined using the bicinchoninic acid assay according to the manufacturer's instructions (Thermo Fisher Scientific).
Mass spectrometry analysis
About 30 µg samples (homogenates, cytosol, and light membranes) were incubated in a denaturing buffer at a final concentration of 7 M urea/175 mM NH 4 HCO 3 /8.75% v/v acetonitrile and incubated for 30 min at room temperature. Samples were then diluted to 1 M urea with water and digested with trypsin (Promega) overnight at 37°C at a ratio of 1 µg trypsin per 10 µg protein for homogenate and cytosol samples, while for light membranes the ratio was set at 1 µg trypsin per 25 µg proteins. Samples were reduced with 10 mM tris(2-carboxyethyl)phosphine (final concentration), incubated for 30 min at room temperature and then acidified to 0.5M HCl. Finally, the samples were desalted using C18 96-well plates (3M). The C18 eluates from homogenate samples were evaporated and stored at 4°C before MS analysis. The C18 eluates from light membrane and cytosol samples were collected in injection plates for strong cation exchange (SCX), dried by vacuum evaporation and stored at −20°C.
To fractionate peptides by SCX chromatography, samples were solubilized with reconstitution buffer (0.2% v/v formic acid, 10% v/v acetonitrile for light membrane samples; 20 mM K 2 HPO 4 , 25% v/v acetonitrile for cytosol samples) and loaded on an SCX column. Three fractions were collected following elution using a salt gradient. At the end of each SCX fractionation batch, the collected fractions were stored at −80°C. Once the SCX fractionation was completed, the fractions were freeze-dried and then desalted. The eluates were divided equally into two 96-well plates: one plate for liquid chromatography (LC)-MS/MS analysis and the other plate as a back-up. All plates were vacuum evaporated and stored at −20°C until analysis by LC-MS/MS. Samples were resuspended in 92.5/7.5 water/ ACN + 0.2% formic acid and analyzed by LC-MS/MS on a nanoACQUITY UPLC (Waters, Milford, MA, USA) coupled to a Q Exactive mass spectrometer (Thermo Fisher Scientific). Survey (LC-MS) and tandem mass spectrometry scans (MS/MS) were acquired in the same run. The resolutions for the MS and MS/MS scans were 70,000 and 17,500 respectively. Peptide separation was achieved using a Waters nanoACQUITY UPLC Symmetry Trap column (180 µm × 20 mm, 5 µm particle size) and a Waters nanoACQUITY UPLC BEH300 analytical column (150 µm × 100 mm, 1.7 µm particle size). The mobile phases were (A) 0.2% formic acid in water and (B) 0.2% formic acid in acetonitrile. For each sample approximately 3.6 µg was loaded onto the trap column for 3 min at a flow rate of 10 µL/min. Peptides were separated using a linear gradient (92.5% A to 84% A) for 26 min, followed by (84% A to 75% A) for 14 min and a wash at 60% B for 2 min. The flow rate was 1.8 µL/min. Protein identification was accomplished using data acquired by LC-MS/MS. The MS/MS spectra were matched to the corresponding peptide sequences found in the UniProt human protein database using Mascot (version 2.2.06; Matrix Science, Boston, MA, USA) software.
Multiplexed multiple reaction monitoring assay
For each of the three proteins (ARHGAP36, ARHGEF1 and FARP1), five MRM-suitable peptides were selected by Caprion's in-house MRM peptide selection software (Montreal, Quebec, Canada). If possible, peptides that were detected by MS were prioritized. The selected peptides were synthesized by JPT Peptide Technologies (Berlin, Germany). Synthesized peptides were resolubilized in 25%/ 75% water/DMSO (v/v), pooled and diluted with 0.2% formic acid in water to a concentration of 200 pmol/mL. This peptide mix was used to develop the MRM assay. The optimal two transitions (combination of peptide precursor and fragment ion mass-to-charge ratio that are monitored by the mass spectrometer) per peptide were determined using selected reaction monitoring (SRM)-triggered MS/MS on a QTRAP 5500 instrument (AB Sciex, Concord, Ontario, Canada) coupled to a nanoACQUITY UPLC (Waters). An SRM transition was predicted for each peptide. The detection of this transition triggered the acquisition of a full MS/MS spectrum of the target peptide. The two most intense fragment ions (b or y fragment ions only) in the MS/MS spectrum for each acquired peptide were recorded by in-house developed software. The mass spectrometer collision energy (CE) was optimized for each transition with five different CE values automatically generated by the in-house developed software. A solution containing all synthesized peptides at a concentration of 200 pmoL/mL was analyzed with the created MRM method. The two best peptides per proteins were selected to be monitored by the MRM assay.
The processed samples were resolubilized with 11 µL reconstitution solution containing five internal standard peptides each at 100 ng/mL. About 8 µL material (~10 µg) was analyzed by LC/MRM-MS. Peptide separation was achieved using a BioBasic C18 column (Thermo) (320 µm × 150 mm, 5 µm particle size). The mobile phases were (A) 0.2% formic acid in water and (B) 0.2% formic acid in acetonitrile. Peptides were separated using a linear gradient (92.5% A to 60% A) for 21 min, followed by a wash at 60% B for 2 min. The flow rate was 10 µL/min. The transition peak areas were integrated using Elucidator software (Rosetta Biosoftware, Seattle, WA, USA) in combination with the software developed at Caprion for automated MRM peak integration.
Real-time quantitative PCR
Total RNA from human samples or PC12 cells were prepared using the GenElute Mammalian Total RNA Miniprep Kit (Sigma) and then treated with RNase-free Research P Croisé et al.
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DNaseI (Thermo Scientific). After checking RNA integrity and concentration by spectrophotometry and agarose gel electrophoresis, template RNA was transcribed into cDNA using the Maxima First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Scientific), according to the manufacturer's instructions (1 µg RNA/20 µL RT reaction). PCR was performed in 96-well plates using diluted cDNA samples, highly gene-specific primers (Supplementary  Table 2 , see section on supplementary data given at the end of this article) and SYBR Green PCR reagents (iQ SYBR Green Supermix; Bio-Rad). Gene amplification and expression analyses were performed on a MyiQ real-time PCR machine (Bio-Rad) using a three-step procedure (20 s at 95°C, 20 s at 62°C, 20 s at 72°C) followed by a melting curve study to ensure specificity of the amplification process. PCR efficiency was evaluated by the standard curve analysis and the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as internal control. Gene expression in two different samples was compared using the comparative threshold cycle (C t ) method (Livak & Schmittgen 2001) . Each reaction was performed in triplicate, and GAPDH was used as an internal control for gene expression. The mean ΔC t (C t gene of interest -C t GAPDH) was calculated for each condition, and expression levels were determined as 2 -ΔC t. Gene expression levels from matched non-tumor samples were normalized to tumor tissue. Sequences of the primers are detailed in Supplementary Table 2 .
Statistical analysis
For the differential expression analysis by MS, the intensity values for all detected components were log (base e) transformed with values <0 replaced by 0. Intensity data was normalized to account for small differences in protein concentration between samples. A subset of the samples was used to create a reference sample against which all samples were then normalized. The normalization factors were chosen so that the median of log ratios between each sample and the reference sample over all the peptides was adjusted to zero. Intensities below limit of detection (LOD = 100,000) after normalization were then linearly mapped to the range of (LOD/2, LOD) to avoid spurious large fold changes. Intensities above LOD were not changed. A two-way ANOVA model was used for the peptide-level analysis and is defined as follows: I ijk = M + C i + S j + ε ijk , where I is the peptide intensity, M the overall average intensity, C the 'clinical group' factor (matched non-tumor and tumor), S the 'patient' factor that takes into consideration the 'pairing' nature of the data, and ε is the random error. False detection rate and Q-value are calculated, based on the P values obtained from the ANOVA model, using Storey's method to make multiple testing adjustments. Tukey's HSD method is used to perform post hoc contrast among different groups.
One protein may have several identified and quantified peptides. The following ANOVA model, which is an extension of the two-way ANOVA used earlier in the peptide-level analysis, takes this into consideration by introducing a peptide factor in the model: I ijkl = M + C i + S j + ε ijkl , where I is the protein intensity, M an overall constant, C the clinical group, S the patient factor, and P the peptide factor. The number of levels for P is protein dependent, which is equal to the number of identified and quantified peptides for the protein.
For MRM analysis, differential intensity ratios were calculated in pairwise comparisons for each transition as the median of the ratio of the normalized intensities of each group. Paired Student's t-test was applied for the expression analysis. Protein-level statistics were also computed by linearly combining the transitions of a given protein into a single variable and then applying a t-test.
For G-LISA assay, a Wilcoxon signed-rank nonparametric analysis was performed for matched samples. Eighteen pairs of human PCCs and matched non-tumor adjacent tissue were compared.
PCA was performed using R software implemented with the 'Rcmdr' package and 'FactoMineR' plug-in. Data were mean centered and normalized. Dimensions with eigenvalues >1 were considered for further analysis. The two dimensions (PC1 and PC2) accounted for 68% of the sample variance.
Results
Protein expression and activity of RhoA, Rac1 and Cdc42 in human pheochromocytomas
The expression level and the activity of Rho GTPases have never been explored in human PCC. To do so, we have used the ELISA-based assay (G-LISA; Cytoskeleton) to calculate the activity and the total amount of RhoA, Rac1, and Cdc42 in human PCC resections from 18 patients (see Materials and methods section). To avoid possible interindividual variations, each tumor tissue has been directly compared with its matched (from the same patient) adjacent non-tumor tissue. The global expression level of RhoA was slightly higher in PCC compared with adjacent non-tumor tissue (median values 2.40 vs 1.74), whereas the expression of Rac1 and Cdc42 remained statistically unchanged (Fig. 1A) . However, we observed that, compared with non-tumor tissue, the relative activity of both Rac1 and Cdc42 in PCC is significantly decreased (median values 4.86 vs 10.63 for Rac1; 7.94 vs 16.34 for Cdc42), whereas the RhoA activity is unaffected (Fig. 1B) . Fig. 1C and D illustrate the variation of Rho expression and the activity for each patient. Among the 18 patients, 15 exhibit a decrease of the Rac1 activity up to 5.3-fold and 16 exhibit a decrease of the Cdc42 activity up to 6.4-fold. Note that 13 patients (72%) exhibit a concomitant decrease of Rac1 and Cdc42 activities. Altogether, these results show a significant decrease of Rac1 and Cdc42 activities in human PCC, which is not correlated with a variation in their expression level.
Differential expression of Rho-GEFs and Rho-GAPs in human pheochromocytomas
A change in Rho GTPase activity could result from a differential expression of their regulators, Rho-GEFs and Rho-GAPs. To test this hypothesis, we performed quantitative mass spectrometry analysis of six additional pairs of human PCC and matched adjacent non-tumor tissue. Most Rho-GEFs and Rho-GAPs usually switch from the cytosol to membranous compartments to meet with and regulate their respective Rho GTPases. Therefore, to increase detection and sensitivity, we conducted the proteomic analysis on purified subcellular fractions in place of total homogenate. Two main subcellular fractions were isolated from each tissue sample, a membrane-enriched fraction and a fraction enriched in cytosolic proteins (see Materials and methods section).
In total, 13 Rho regulators have been detected, including 8 Rho-GEFs and 5 Rho-GAPs. Table 1 illustrates the median value of the relative expression changes (tumor vs non-tumor tissue) of the six PCC samples for all the GEFs and GAPs detected. Among these proteins, only two GEFs and one putative GAP (ARHGEF1, FARP1, and ARHGAP36, respectively) were significantly differentially expressed between the tumor and the matched nontumor tissue. In line with the reduced activity of Rho GTPase observed in PCC, the expression level of the two Rho-GEFs is significantly decreased. Indeed, statistical analysis revealed that the relative expression level of FARP1 was significantly decreased in cytosol-and membrane-enriched fractions (median values: 0.69 and 0.51, respectively). ARHGEF1 was not detected in Total amounts of GTPases (AU) Figure 1 The activities of Rac1 and Cdc42 are reduced in human PCCs compared with adjacent non-tumor tissue. (A) Colorimetric ELISA-based assay was used to estimate Rho GTPase activity in lysates from human PCCs and matched adjacent non-tumor tissue. Total amounts of Rho GTPases were estimated by loading proteins in vitro with nonhydrolysable GTP (GTPγS) and absorbance of the sample normalized to the absorbance of 1 ng of recombinant and activated Rho GTPases. Box-andwhisker plot represents the first quartile (bottom line), the median (line in the box) and the third quartile (upper line). Whiskers correspond to the 5th (bottom) and 95th (top) percentiles, and the black dots represent outlier observations. (B) Rho GTPase activity levels were determined by measuring the amounts of GTP-bound GTPases in the sample lysate, normalized to the maximal activity that can be detected. Maximal activity was obtained by loading proteins in vitro with GTP. Statistical significance for medians was determined by a Wilcoxon signed-rank nonparametric analysis for matched samples, n = 18 pairs of human PCCs, and matched adjacent non-tumor tissue. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant. the membrane-enriched fraction, but its expression in the cytosol-enriched fraction was decreased in PCC compared with the non-tumor tissue (median value: 0.49). Conversely, the expression level of ARHGAP36 was increased in both fractions (4.45 and 1.55 as median values for the cytosol-and membrane-enriched fractions, respectively). The distribution of the relative expression changes for each of the six patients is illustrated in Fig. 2 and Table 2. Except for the cytosolic level of ARHGEF1 that is decreased in the PCC tissue versus control from each of the six patients, some variability can be observed. For example, cytosolic FARP1 from tumor samples is increased for two patients, whereas relative ARHGAP36 expression in the membrane-enriched fractions is decreased for two out of six patients. Therefore, the specific modulation of FARP1, ARHGEF1 and ARHGAP36 expression in PCC needs to be confirmed. To do so, we next performed a multiplexed MRM MS assay in total protein homogenates prepared from a cohort of 25 pairs of human PCC and their matched non-tumor tissue. Among these 25 pairs of samples, 13 were tested for the Rho-GTPase activity. As MRM is a targeted MS approach that uses synthetic peptide reference standards, it is used to confirm and quantify the presence of proteins of interest on smaller amounts of sample with high sensitivity, which eliminates the need for fractionation (Keshishian et al. 2007) .
As observed for subcellular fractions, we found that total expression levels of both FARP1 and ARHGEF1 were significantly reduced in PCC compared with the matched adjacent non-tumor adrenal tissue, whereas ARHGAP36 expression was increased (Fig. 3A) . The relative expression for each patient is detailed in Supplementary Table 1. Statistical analysis of the 25 PCC tested revealed that the median values for the relative expression of FARP1 and ARHGEF1 are 0.22 (range 2.02 -0.04) and 0.57 (range 1.10 -0.04), respectively. Note that 92 and 84% display a lower expression of ARHGEF1 and FARP1, respectively (Supplementary Table 1 ). Regarding ARHGAP36, 72% of the PCC display higher expression but with a high variability (median value 1.42; range 0.37 -101).
To investigate whether modulation of ARHGAP36, ARHGEF1, and FARP1 expression was also detectable at the mRNA level, five samples of PCC and their nontumor counterparts were analyzed by RT-qPCR (Fig. 3B) . We observed that mRNA levels of ARHGEF1 and FARP1 were lower in PCC than in the corresponding non-tumor adrenal tissue. On average, ARHGEF1 and FARP1 mRNAs decrease by 1.4-fold and 3.5-fold, respectively. Conversely, ARHGAP36 mRNA level was largely higher as we detected a 852-fold increase on average, but as observed at the protein level with a high variability (range 8.3-1520).
Impact of ARHGEF1 and FARP1 expression change on Rho GTPase activity
We next decided to investigate the potential link between Rho-GEF expression change in PCC and the activity of List of Rho-GEFs and Rho-GAPs detected by MS in cytosol-and membrane-enriched fractions obtained from human PCCs. The median value corresponding to the change in relative protein expression levels in PCCs compared with adjacent non-tumor tissue is indicated. Statistical significance for medians was determined by an ANOVA analysis, n = 6 pairs of PCCs, and matched adjacent non-tumor tissue. Proteins significantly modulated are in bold. *P < 0.05 and Q < 0.05; **P < 0.01 and Q < 0.01; ***P < 0.001 and Q < 0.001; n.d., not detected.
RhoA, Rac1, and Cdc42. To do so, we measured the level of GTP-bound Rac1, Cdc42, and RhoA in rat PCC (PC12) cells, knocked down for endogenous FARP1 or ARHGEF1 by siRNA strategy. We had to choose PC12 cells for these experiments because chromaffin cells in primary culture are resistant to siRNA transfection, whereas more than 90% of the PC12 cell population is efficiently transfected with siRNAs. We could not detect endogenous FARP1 and ARHGEF1 by immunofluorescence or western blotting with the currently available antibodies (anti-FARP1 K-20 and anti-ARHGEF1 H-165; Santa Cruz Biotechnology). Therefore, we confirmed that PC12 cells transfected with FARP1 or ARHGEF1 siRNA exhibited a significant reduction (86.3% ± 3% and 92.3% ± 2.3%, respectively) in the level of endogenous FARP1 or ARHGEF1 mRNA expression using RT-qPCR analysis (not shown). Expression and silencing of ARHGAP36 in PC12 cells could not be efficiently detected. Rat ARHGAP36 sequence in the database is still predictive (access number XM_006257554) and despite trying different sets of primers the amplicon did not satisfy qPCR quality controls. Note that although ARHGAP36 is predicted to be a Rho-GAP family member based on sequence homologies, the lack of the 'arginine finger' motif that stimulates GTPase hydrolysis activity suggests that ARHGAP36 is catalytically inactive (Jelen et al. 2009 ). Therefore, we could not assess the consequence of ARHGAP36 silencing on Rho GTPases activity. Interestingly, reduction of endogenous FARP1 decreased the level of GTP-loaded Cdc42 by approximately 50%, whereas it did not change the level of GTP-loaded Rac1 or GTP-loaded RhoA (Fig. 4) . Moreover, reduction of endogenous ARHGEF1 decreased the level of GTPloaded Rac1 by approximately 30% without affecting the level of GTP-loaded Cdc42 or GTP-loaded RhoA (Fig. 4) . These results indicate that the activation/inactivation cycle of Cdc42 and Rac1 was significantly affected in cells exhibiting a reduced level of FARP1 and ARHGEF1, respectively. Therefore, the lower activity of Cdc42 and Rac1 observed in PCC may be the result of a decrease in FARP1 and ARHGEF1 expression.
Correlation analysis of ARHGAP36, ARHGEF1, and FARP1 expression and Rho GTPase activity
The next questions we addressed were the correlation between inhibition of Cdc42 and Rac1 activity as well as the relationship between Rho-GTPase activity and the expression of the Rho-GEFs/GAPs. To do so, we performed a principal component analysis (PCA) using Variation of ARHGAP36, ARHGEF1, and FARP1 expression in cytosol-and membrane-enriched fractions from human PCCs. Six pairs of human PCCs and adjacent non-tumor tissue were subjected to subcellular fractionation. Cytosol-and membrane-enriched fractions were analyzed by MS to quantify the relative expression change of ARHGAP36, ARHGEF1, and FARP1. Data are normalized to the expression value of the matched non-tumor adjacent tissue. Box-and-whisker plot is as described in Fig. 1 . Values of relative expression of ARHGAP36, ARHGEF1, and FARP1 for each patient (numbered 1 through 6) are shown in Table 2 . Statistical significance for medians was determined by a two-way ANOVA analysis (see Materials and methods section): *P < 0.05 and Q<0.05; **P < 0.01 and Q < 0.01; ***P < 0.001 and Q < 0.001; n.d., not detected. Table 2 Values of relative expression of ARHGAP36, ARHGEF1, and FARP1 for each patient (numbered 1 through 6). the data obtained from the 13 pairs of samples (human PCC and matched adjacent non-tumor tissue) that have been tested for both Rho-GTPase activity and Rho GEF/GAP expression by MRM. As illustrated in Fig. 5A , the distribution of the tissue samples using the two first principal components reveals a clear separation between tumor and non-tumor samples, suggesting that our set of data would be able to discriminate and predict the status of these two tissue types (Fig. 5A) . Accordingly, analysis of the variables projection revealed that high activities of Cdc42 and Rac1 along with high expression of FARP1 and ARHGEF1 positively correlate with the non-tumor tissue, whereas RhoA activity and ARHGAP36 have a weaker association with non-tumor tissue (Fig. 5B) . Moreover, the variables Cdc42 activity, Rac1 activity, FARP1 expression, and ARHGEF1 expression all display similar projections and cluster together, indicating that they are correlated with one another.
Modulation of FARP1, ARHGEF1, and ARHGAP36 expression in various human tumors
Next, we asked whether FARP1, ARHGEF1, or ARHGAP36 expression change is a specific feature of PCC or could it be detected in other types of tumors. To address this question, we have quantified by an MRM-MS assay the expression of FARP1, ARHGEF1, and ARHGAP36 in samples from six different types of non-neuroendocrine human tumors (including tumors from colon, lung, bladder, breast, kidney, and prostate) compared with their expression in the corresponding non-tumor tissue samples from the same patient (Table 3 ). Significant decreases in FARP1 or ARHGEF1 expression have been exclusively detected in PCC and not in the other tumors. On the other hand, both FARP1 and ARHGEF1 expression significantly increased in breast and bladder tumors, respectively (Table 3) . Regarding ARHGAP36 expression, no significant changes have been observed. Altogether, these results clearly demonstrate that tumor-associated change of FARP1, ARHGEF1, and ARHGAP36 expression varies from one type of tumor to the other. So far, the concomitant decrease of FARP1 and ARHGEF1 together with the increase of ARHGAP36 has appeared to be a specific feature of PCC. 
Discussion
Studies from many laboratories have revealed that Rho GTPases and their regulators are closely connected to cancer cell biology. Indeed, expression changes of Rho GTPases, GEFs and GAPs have been associated with various stages of tumorigenesis in different types of tumors (Ellenbroek & Collard 2007 , Grise et al. 2009 , Karlsson et al. 2009 , Parri & Chiarugi 2010 , Vigil et al. 2010 , Alan & Lundquist 2013 . However, to our knowledge, Rho GTPases and their regulators have never been investigated in resection of human NETs. In this study, we have directly compared the expression and the activity of RhoA, Rac1 and Cdc42 in human PCC resection and in the adjacent non-tumor adrenal tissue from the same patient. Thus, we report here that Rac1 and Cdc42 activities decrease in human PCC, whereas their expression remains unchanged. These results highlight the fact that the expression level of Rho GTPase proteins does not necessarily reflect their activation state. However, while most of the literature support that increased expression of Rho GTPases correlates with tumor formation and progression, the activity of Rho GTPases in human tumors remains poorly explored. In line with our results, few in vivo studies have reported a loss of function of Rho GTPase in favor of tumorigenesis. For example, mice lacking Cdc42 specifically in hepatocytes developed hepatocellular carcinoma and lung metastasis (van Hengel et al. 2008) , whereas loss of function of Cdc42 in hematopoietic cells triggers myeloproliferative disorders (Yang et al. 2007) . Moreover, Cdc42 expression and activity are downregulated in N-MYC amplified neuroblastoma cells (Valentijn et al. 2005) . Decreased Rac1 activity is known to promote epithelial tumor cells invasion and malignant progression (Malliri et al. 2002) . The inactivation of RhoA potentiates the development of KRAS-induced hepatocellular carcinomas (Chew et al. 2014) and favors T-cell lymphoma (Cleverley et al. 2000 , Yoo et al. 2014 . Samples from colon (n = 15), lung (n = 15), breast (n = 15), kidney (n = 15), prostate (n = 15) and bladder (n = 11) were used for quantification of FARP1, ARHGEF1 and ARHGAP36 expression variations by MRM-MS. Data are normalized to non-tumor adjacent tissue from the same patient. Statistical significance for medians was determined by a paired t-test. **P < 0.01 and Q < 0.01. Significant variations are indicated in bold. Research P Croisé et al.
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pathways of Rac1 and Cdc42 that may impact PCC development will be the next challenge. Rac1 and Cdc42 have been previously associated with different stages of tumorigenesis, including tumor initiation (cell cycle progression, apoptosis, cell survival, differentiation, etc.), growth (polarity changes, proliferation, etc.), and invasion (adhesion property, migration, etc.). Since most evidence relies on gain-of-function experiments, the decrease in Rac1 and Cdc42 activities observed in PCC is likely to engage an unconventional signaling pathway, either directly or indirectly. This aspect will therefore require further investigation. What might be the mechanisms leading to a lower activity of Rac1 and Cdc42 in human PCC? We have hypothesized that a decrease in these two GTPase activities could result from a differential expression of their respective regulators (i.e., reduction of Rho-GEFs expression and/or overexpression of Rho-GAPs). Through a quantitative screening proteomic approach, we have been able to detect the expression of 13 Rho-GEFs and -GAPs and to quantitatively measure their expression changes in human PCC versus the matched non-tumor tissue. Interestingly, we found that the expression of the two Rho-GEFs, ARHGEF1, and FARP1, is significantly decreased, whereas ARHGAP36, one putative Rho-GAP, is significantly increased. These findings are in line with microarray analysis demonstrating that both FARP1 and ARHGEF1 mRNA levels are downregulated in PCC compared with normal tissue (data accessible at NCBI GEO database: Shankavaran U, Fliender S, Pacak K; Dec 31, 2013; accession GSE50442). Interestingly, we have demonstrated through a PCA that, altogether, Cdc42 and Rac1 activities with FARP1 and ARHGEF1 expression constitute good indicators to discriminate PCC from non-tumor adrenal medulla.
Downregulation of Rho-GEF or upregulation of Rho-GAP expression has been previously reported in various tumors. Indeed, FARP1 expression is downregulated in renal cell carcinoma, and ARHGAP36 is overexpressed in human medulloblastomas, whereas Lsc-knockout mice, the murine homolog of human ARHGEF1, display impaired B/T-lymphocyte proliferation (Francis et al. 2006 , Siu et al. 2009 , Rack et al. 2014 . Moreover, expression of the two other GAPs, ARHGAP8 and oligophrenin-1, are upregulated in invasive cervical cancer and glioblastoma, respectively (Ljubimova et al. 2001 , Song et al. 2008 . These data confirm that in some cases, pathways involving Rho-GTPases need to be inhibited in the course of tumor progression. Note that we cannot completely rule out that potential mutations in Rac1 and Cdc42 could also impact their activity in human PCC. Indeed, several recent studies reported point mutations in Rho-GTPases as driver mutations in various types of cancer, including melanoma, lymphoma, breast, lung, and head and neck cancers (for review see Alan & Lundquist 2013 and Orgaz et al. 2014) . However, none of these studies reported mutations leading to inactivation of the Rac1 or Cdc42 GTPase. Only one recent study reported an inactivating mutation in RhoA, specifically in angioimmunoblastic T-cell lymphoma (Yoo et al. 2014) , whereas similar mutation of RhoA seems to work in a gain-of-function manner in diffuse-type gastric cancer (Kakiuchi et al. 2014) . Further work will be required to identify potential mutations affecting Rho-GTPases in PCC.
While investigating a set of non-NET samples, we were unable to detect a significant decrease in FARP1 or ARHGEF1 expression nor increase in ARHGAP36 expression, whereas a higher expression of FARP1 and ARHGEF1 was observed in breast and bladder tumors, respectively. These data support the idea that tumorassociated change of Rho-GEFs and -GAPs varies considerably from one type of tumor to the other. FARP1 (also known as CDEP) is a Rho-GEF containing a FERM (4.1protein/Ezrin/Radixin/Moesin) domain involved in membrane-cytoskeleton inter action (Koyano et al. 1997) . To date, very few studies have documented the function of FARP1 except in neuronal cells in which FARP1 regulates synapse formation and dendrite morphology (Zhuang et al. 2009 , Cheadle & Biederer 2012 . So far, the nucleotide exchange activity of FARP1 has been demonstrated in vitro only with Rac1 and RhoA (Koyano et al. 2001 , Cheadle & Biederer 2012 . However, the sequence of FARP1 DH-PH region predicts that an interaction and a nucleotide exchange are highly probable with Cdc42 (Jaiswal et al. 2013) . Accordingly, we have demonstrated that siRNA-based knocking down of Farp1 in rat PCC cell significantly inhibits the Cdc42 activity without affecting the RhoA or Rac1 activity. These results suggest that the reduced activity of Cdc42 observed in human PCC could be a consequence of the reduction of FARP1 expression.
ARHGEF1 (also known as p115Rho-GEF) belongs to the family of GEFs for Rho GTPases that contain a regulator of G protein signaling (RGS) domain (Siehler 2009 ). RGS-Rho-GEFs are GAPs toward G 12/13 α subunit, and binding to Gα 12/13 stimulates their GEF activity toward the Rho GTPases (Dutt et al. 2004) . To become active,
